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ABSTRACT

In this work, a novel and sensitive photoelectrochemical (PEC) strategy was designed for protein kinase A (PKA)
detection, comprising carbon microsphere (CMS) modified ITO electrode, TiO, as the phosphate group re-
cognition material and graphite-carbon nitride (g-C3N4) as photoactive material. For the first time, gold nano-
particle decorated zeolitic imidazolate frameworks (Au-ZIF-8) was employed to fabricate biosensor for PKA
activity assay with the function of substrate peptide immobilization and signal amplification. Firstly, substrate
peptides were assembled on the Au-ZIF-8/CMS/ITO surface through the covalent bonding between the gold
nanoparticles (AuNPs) and sulfydryl groups of the peptides. Then, in the presence of ATP, phosphorylation of the
substrate peptide was achieved under PKA catalysis. Finally, TiO,-g-C3N4 composites were further modified on
the electrode surface based on bonding between TiO, and phosphate groups created via phosphorylation of the
peptide (yielding TiO,-g-C3N,/P-peptide/Au-ZIF-8/CMS/ITO), which is different with our previous work by
directly immobilizing g-C3N4 composite on electrode surface. The developed method showed a wide linear range
from 0.05-50 U mL~'. The detection limit was 0.02 U mL~! (S/N = 3). The constructed biosensor exhibited
high detection specificity for PKA. In addition, the wide applicability of this biosensor was demonstrated by
evaluating the inhibition ability of ellagic acid towards PKA.

1. Introduction

Protein kinase A (PKA) catalyzes phosphorylation modification of
protein by transferring ATP terminal phosphate to serine or threonine
residues. Activation of PKA mediates different responses of cells to
external signals such as proliferation, ion transport, metabolic regula-
tion and gene transcription [1]. The aberrant expression of protein
phosphorylation is closely related to various serious illnesses, including
cancer, inflammation, heart disease and senile dementia [2]. Accord-
ingly, protein kinase is an important pharmaceutical target to cure se-
vere diseases causing by abnormal levels of protein phosphorylation
[3]. To realize the relationship between disease and protein kinase
(including molecular mechanisms), and allow the development of
protein kinase specific drugs, simple and sensitive method for protein
kinase measurement must be discovered.

Existing methods for determining protein kinase activity include
mass spectroscopy [4], fluorescence [5,6], colorimetry [7,8], Raman
spectroscopy [9], surface plasmon resonance imaging [10], electro-
chemistry [11-13], electrochemiluminescence (ECL) [14] and photo-
electrochemical (PEC) method [15,16]. Amongst these, PEC methods
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have drawn much interest due to the numerous advantages including
excellent sensitivity, low background interference and low cost. The
PEC process relies on light absorption by a semiconducting photoactive
material which results in the charge separation (i.e. when E > Eg,
electron can be excited from valence band into the conduction band of
the semiconductor, which will lead to leave a hole in the valence band),
followed by subsequent charge transfer to an electrode giving a mea-
surable current [17]. For PEC analyses, choice of photoactive material
is crucial for sensor fabrication. To date, many semiconductor nano-
materials have been successfully employed in PEC sensors, including
TiO,, ZnS, BiOl, ZnO, ZnIn,S,;, CdS quantum dots (QDs), CdSe QDs,
CdTe QDs, N-doped graphene QDs, and graphitic-like carbon nitride (g-
C3N,4) [18-20]. Whilst these photoactive materials have been success-
fully used in biosensor fabrication, some contain toxic elements which
is undesirable. Accordingly, g-CsN, is a particularly attractive material
to use in PEC biosensor development due to its low cost, lightweight,
ease of synthesis and good photocatalytic activity under visible light (Eg
~ 2.7 eV). Due to these properties, g-C3N,4 is now finding widespread
application in the field of catalysis, sorption, solar cell devices and
analytical analyses, especially PEC analysis as photoactive material
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[21-23]. However, bare g-C3N, shows only modest photoactivity under
visible light due to rapid electron-hole pair recombination following
photoexcitation. To overcome this limitation, g-C3N,4 is frequently
combined with other materials to facilitate effective charge separation,
for instance g-C3Ny4/graphene, g-C3N4/CuS and g-C3N4/TiO, wherein
conduction band electrons in g-C3N4 typically migrate across hetero-
junctions onto the other material, thus preventing electron-hole pair
recombination in g-C3N,4 [24,25]. TiO, has been widely used in sensor
development, offering the advantages of high activity under UV ex-
citation, high chemical stability, nontoxicity, large surface area, com-
mercial availability and easy synthesis. Nevertheless, the wide band gap
(3.0-3.2eV) limits its application in PEC biosensors because the UV
light required for photoexcitation is harmful to biomolecules [26].
However, as noted above, TiO,-g-C3N,4 nano-composite exhibit admir-
able PEC performance with visible light excitation due to the unique
electronic band structure between g-C3N, (conduction band edges at
—1.13V, versus NHE) and TiO, (conduction band edges at —0.5V,
versus NHE), which improves the PEC performance of g-C3N4 [27].
These findings encourage the wider use of TiO»-g-C3N4 composites in
PEC biosensor development.

Metal-organic frameworks (MOFs) are porous coordination poly-
mers, which have been researched intensively over the last decade due
to their high specific surface areas and discrete pore sizes [28]. Among
various MOFs, the zeolitic imidazole framework-8 (ZIF-8) with 2-
methlylimidazole as the linker has been particularly researched due its
facile synthesis, various cation formulations and excellent thermo-
chemical stability which allow end applications in gas sorption, gas
separation, catalysis and fluorescence analysis [29,30]. Recently, ZIF-8
was used in a PEC biosensor to increase the surface area of the active
electrode [31], highlighting the potential for MOF integration into
biosensor fabrication for enhanced sensitivity.

In our previous work on PKA activity assay using PEC technique, g-
C3Ny, its derivative and nanocomposite were employed as photoactive
material [16,32]. For example, we once developed a PEC strategy for
PKA activity assay based on the bond between phosphorylated peptide
and phosphorylated graphite-like carbon nitride (P-g-C3N,4) conjugates
triggered by Zr** ion coordination [16]. Though this method is simple,
the detection limit needs to be improved and the preparation of P-g-
C3N, is time-consumption. Another work had also been performed by
us for PKA assay. In that work, the PEC biosensor was designed based
on the blocked digestion ability of carboxypeptidase Y (CPY) on the
substrate peptide after PKA-catalyzed phosphorylation reaction, signal
amplification strategy triggered by PAMAM dendrimer and alkaline
phosphatase (ALP, which catalyzes the hydrolysis reaction of its sub-
strate to produce electron donor for the PEC biosensor), and photo-
active material of TiO,/g-C3N4 nanocomposite (which was modified on
ITO electrode surface) [32]. However, the separation process for the
phosphorylated substrate peptide is tedious, which makes the detection
process is more complicated.

To solve these disadvantages, in this work, a simple PEC biosensor
was constructed for protein kinase A (PKA) detection based on the
specific catalytic effect of PKA towards its substrate peptide. To im-
prove the sensitivity of the biosensor, carbon microspheres (CMS) and
gold nanoparticle decorated ZIF-8 (Au-ZIF-8) were employed, with the
Au-ZIF-8 also being used for the immobilization of the substrate pep-
tide. To the best of our knowledge, Au-ZIF-8 nanocomposite was firstly
employed in the fabrication of PEC biosensor for PKA activity assay. A
TiO»-g-C3N4 nanocomposite was employed as the photoactive material,
with the TiO, serving as the recognition agent for phosphate groups
resulting PKA catalytic action on the peptide (Which is different with
our previous work. Here, TiO,-g-C3N4 nanocomposite was captured on
electrode surface by phosphorylated peptide). PKA detection therefore
relied on the linear relationship between PKA concentration and pho-
tocurrent of the biosensor. The inhibition of PKA by ellagic acid was
also investigated as a demonstration of the practicality of the PEC
biosensor. Compared with our previous work on PKA detection based
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on PEC methods [16,32], the developed method shows merits of simple
operation, easy fabrication of electrode, low cost and high detection
sensitivity.

2. Experimental
2.1. Reagents and instruments

PKA, casein kinase I (CK1), casein kinase II (CK2), and p42 MAP
Kinase (MAPK) were acquired from NEB (USA). Tris (hydroxymethyl)
aminomethane (Tris), HAuCly, Zn(NOs),, ascorbic acid (AA), 2-me-
thyimidazole and tetrabutyltitanate were obtained from Aladdin
(Shanghai, China). The short peptide with sequence of CRRLRRASLG
and ATP were acquired from Sangon (China). Indium tin oxide (ITO)
coated glass slides (coating thickness 180 = 25nm, sheet re-
sistance < 15 U/cm?) were purchased from Zhuhai Kaivo Electronic
Components Co., Ltd. (Zhuhai, China).

The buffer solutions and instruments
Supplementary material.

are described in

2.2. Preparation of Au-ZIF-8

ZIF-8 was prepared according to a literature method with some
mirror modifications [33]. Briefly, 0.585 g Zn(NO3), was dissolved in
4 mL sterile water. 11.35 g 2-methylimidazole was dissolved in 40 mL
sterile water. Subsequently, the two solutions were then combined to-
gether under magnetic stirring for 5 min afterwards, the solution was
centrifuged and the sediment was washed three times with deionized
water. In the end, ZIF-8 product was dried under vacuum at 60 °C
overnight.

To prepare Au-ZIF-8, 0.2 g ZIF-8 was added into 20 mL of a 10 mM
HAuCly solution, and the resulting dispersion stirred magnetically for
12h at room temperature. Then, 0.2 M NaBH, solution (10 mL) was
added into the AuCl, /ZIF-8 dispersion under vigorous stirring, and the
stirring continued for 30 min. Au-ZIF-8 product was washed with water
and dried under vacuum at 60 °C.

2.3. Preparation of the TiO»-g-C3N,4 composite

g-C3N4 was prepared according to a literature report [34]. Briefly,
3.0 g dicyandiamide was put inside a porcelain boat, which was subse-
quently placed in a tube furnace. The furnace was first heated to 220 °C
with a heating rate of 3 °C/min, then keep the temperature constant for
2h. Next, the furnace was heated to 350 °C and keep at this temperature
for 2h. Finally, the furnace was heated to 550 °C and kept at this tem-
perature for 4h. The product was then cooled naturally to room tem-
perature. The impure g-C3N, product was collected and dispersed in
deionized water under ultrasonication. After centrifuging at 12,000 rpm,
the sediment was collected, which was further washed with ethanol to
remove any organic impurities. This process of dispersion in water, cen-
trifugation, washing with ethanol, centrifugation was repeated twice. Fi-
nally, the yellow g-C3N,4 product was dried at 60 °C for 6 h.

The TiO,-g-C3sN, nanocomposite was prepared using a hydro-
thermal synthesis technique [35]. Firstly, 966 mg g-C3N4 was dispersed
in 2 mL tetrabutyl titanate, to which 60 mL of acetone was then added.
After that, the resulting dispersion was introduced into a teflon-lined
stainless steel autoclave and heated at 180 °C for 12h. After cooling
naturally to room temperature, the solid product was collected by
centrifugation and washed successively with deionized water and then
acetone three times. Finally, the TiO,-g-C3N4 nanocomposite was dried
at 60 °C for 6 h.

2.4. Preparation of CMS

CMS were synthesized using a literature method [36]. Glucose
(3.2g) was firstly dissolved in 70 mL deionized water. Then, the
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Scheme 1. Schematic representation of the construction of the PEC biosensor.

solution was added into a Teflon-lined stainless steel autoclave and
heated at 180 °C for 3 h. After cooling to room temperature, the black
sediment was obtained with centrifugation. Subsequently, the sediment
was washed with ethanol and deionized water for three times, respec-
tively. Finally, CMS product was dried under vacuum at 60 °C for 6 h.

2.5. Fabrication of the PEC biosensor

To fabricate the PEC biosensor, the ITO electrode was successively
cleaned by ultrasonication for 15 min in acetone and 1 M NaOH solution
(in 50 vol% ethanol) and finally in distilled water. The electrode was dried
at room temperature. A CMS dispersion was prepared by ultrasonically
dispersing 2mg CMS in 1 mL deionized water. 40 pL of CMS dispersion
was carefully dropped onto ITO electrode surface. After dried, the pre-
pared electrode was denoted as CMS/ITO. The electrode was then rinsed
with deionized water and dried with N, flow. Subsequently, 40 pL of a
3mgmL ™! Au-ZIF-8 dispersion (in water) was dropped onto the CMS/ITO
electrode surface and dried under the infrared lamp, followed by rinsing
with deionized water and drying under N, (the obtained electrode was
named Au-ZIF-8/CMS/ITO). Afterwards, the Au-ZIF-8/CMS/ITO was in-
cubated in 40 pL of peptide immobilization buffer containing 1 uM pep-
tide. After 12h, the electrode was rinsed with washing buffer for three
times to remove any non-immobilized peptide (the resulting electrode is
denoted as peptide/Au-ZIF-8/CMS/ITO). The immobilized peptide was
then phosphorylated via PKA catalysis. Briefly, peptide/Au-ZIF-8/CMS/
ITO was incubated with 40 pL of PKA reaction buffer containing various
concentrations of PKA at 37 °C for 40 min. Subsequently, the electrode was
rinsed thoroughly with washing buffer. The obtained electrode is denoted
as P-peptide/Au-ZIF-8/CMS/ITO. Next, 40 uL of a 2 mg mL ™! TiO»-g-C3N,
dispersion was casted onto the surface of P-peptide/Au-ZIF-8/CMS/ITO
and incubated for 1 h. The obtained electrode (TiO,-g-C3N,/P-peptide/Au-
ZIF-8/CMS/ITO) was rinsed with washing buffer three times.

2.6. Inhibition assay
3 X PKA reaction buffers containing series concentrations of ellagic

acid were prepared. Then, the PEC biosensor was fabricated according
to the process described in Section 2.5 except that the PKA reaction
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buffer was replaced by the buffers containing ellagic acid. The inhibi-
tion ratio was evaluated according to the equation of Inhibition ratio
(%) = (I3-I5)/(U3-1). In this equation, I; was the photocurrent of TiO,-g-
C3N,4/P-Peptide/Au-ZIF-8/CMS/ITO without inhibitor, I, was the pho-
tocurrent of TiO,-g-C3N,4/P-Peptide/Au-ZIF-8/CMS/ITO with inhibitor,
and I; was the photocurrent of Peptide/Au-ZIF-8/CMS/ITO.

3. Results and discussion
3.1. Detection strategy

The fabrication of the PEC biosensor and detection strategy for PKA
are described in Scheme 1. Firstly, CMS were immobilized on the pre-
treated ITO electrode surface. CMS were used here to increase the
electrode area and also improve the conductivity of the bare ITO
electrode. Au-ZIF-8 was then deposited on the CMS/ITO electrode, with
the Au-ZIF-8 subsequently used for immobilization of the substrate
peptide (via bonding between Au and —-SH groups on cysteine residues
of the peptide). In the presence of ATP, PKA catalyzed the phosphor-
ylation of serine residues on the substrate peptide. Finally, relying on
specific interactions between TiO, and phosphate groups, the TiO,-g-
C3N,4 nanocomposite was modified on P-Peptide/Au-ZIF-8/CMS/ITO
surface. With visible light, g-C3N4 was photoexcited, giving the as-
sembled biosensor a strong PEC response. The photocurrent generated
is dependent on the phosphorylated degree of peptide, which in turn is
influenced by the concentration of PKA. Based on the connection be-
tween PKA concentration and photocurrent, PKA can be detected and
quantified.

3.2. Characterization of CMS, TiO5-g-C3N, and Au-ZIF-8

The morphologies of CMS, TiO,-g-C3N4 and Au-ZIF-8 were char-
acterized by TEM. As shown in Fig. 1A, CMS possessed a spherical
structure. Au-ZIF-8 comprised small gold nanoparticles (mean diameter
~5nm) uniformly dispersed over the surface of ZIF-8 crystals of size
50-80 nm (Fig. 1B). The TiO»-g-C3N4 composite consisted of g-C3Ny4
sheets richly decorated with 10-15nm anatase TiO, nanoparticles
(Fig. 1C).
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Fig. 1. TEM images of CMS (A), Au-ZIF-8 (B) and TiO»-g-C3N4(C).

3.3. EIS characterization and detection feasibility assay

To monitor the stepwise modification process, EIS was performed on
the electrodes after each fabrication step. The corresponding EIS curves
are shown in Fig. 2A. Curve a is for the ITO electrode, which afforded
an electron transfer resistance (R..) of 60 Q. As for CMS/ITO, the R
value decreased (curve b), which can be rationalized in terms of the
increased electrode surface area and improved electrode conductivity.
The R, value increased when Au-ZIF-8 was deposited on the CMS/ITO
surface (curve c), which is explained to the increased diffusion route of
Fe(CN)ﬁ?”/ 4 to CMS/ITO surface and also increased interface electron
transfer resistance. R.; increased again when the peptides were mod-
ified on Au-ZIF-8/CMS/ITO surface, which was expected due to the
enhanced steric-hindrance effect caused by the immobilized peptide
(curve d). The R, value further enhanced when peptides were phos-
phorylated by PKA (curve e). In which, a phosphate group is transferred
to the serine residue of the substrate peptide, thereby increasing the
negative charge of the peptide and repelling Fe(CN)¢>/# diffusion.
After binding of TiO,-g-CsN, through TiO,-phosphate group interac-
tions, the R, value increased greatly (curve f), indicating the further
hindrance of the diffusion of Fe(CN)g>”* by the bulky TiO,-g-C3N,.
According to the changes of the R, values with each stage of biosensor
fabrication, the successful fabrication of the TiO,-g-C3N4/P-Peptide/
Au-ZIF-8/CMS/ITO biosensor was verified.

The detection feasibility was investigated by comparing the PEC re-
sponse of the different modified electrodes in the PEC detection buffer.
The results were shown in Fig. 2B. No PEC response was achieved at the
bare ITO electrode (curve a), implying that ITO had negligible photo-
activity under visible light. CMS/ITO showed a very weak photocurrent
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(curve b), indicating that CMS possessed weak photoactivity which was
not surprising given their dark color. After electrode modification with Au-
ZIF-8, the photocurrent improved slightly (curve c). It can be attributed to
stimulation of the localized surface plasmon resonance of AuNPs under
visible light, resulting in subsequent electron transfer from the AuNPs to
the CMS/ITO electrode. However, when the substrate peptide was as-
sembled on Au-ZIF-8/CMS/ITO surface (curve d), and then phosphory-
lated via PKA (curve e), the photocurrent successively decreased. This
decrease can be ascribed to the increased steric-hindrance effect originated
from the substrate peptide and the increased negative charge resulted from
the introduced phosphate groups. The photocurrent increased greatly
when TiO,-g-C3N, was captured on P-peptide/Au-ZIF-8/CMS/ITO surface
(curve f). This increase is explained by introducing g-CsN4 which is a good
photoactive material under visible light (especially when composited with
TiO, due to the enhanced charge separation that results). To confirm the
crucial role of PKA in the fabrication of the biosensor, the electrode pep-
tide/Au-ZIF-8/CMS/ITO was incubated directly with TiO,-g-C3N, (curve
g). The obtained photocurrent was much lower than that determined for
the TiO,-g-CsN,4/peptide/Au-ZIF-8/CMS/ITO. It can therefore be con-
cluded that without PKA phosphorylation of the peptide, TiO2-g-C3Ny4
cannot be immobilized effectively due to the absence of phosphate groups
on the peptide (phosphate binds very strongly on TiO surfaces). The data
in Fig. 2B confirms the detection feasibility of the developed method for
PKA.

3.4. PKA detection

Under the optimized testing conditions (see Supplementary mate-
rial), the photocurrent response was measured at various PKA
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Fig. 2. (A) The Nyquist plot for different electrodes in 10 mM Tris-HCl (pH 7.5) containing 5 mM K3[Fe(CN)g]/K4[Fe(CN)g] (1:1 M ratio) and 0.1 M KCl over the
frequency range of 10~ 1-10° Hz: () ITO, (b) CMS/ITO, (c) Au-ZIF-8/CMS/ITO, (d) Peptide/Au-ZIF-8/CMS/ITO, (e) P-Peptide/Au-ZIF-8/CMS/ITO, and (f) TiO-g-
C3N4/P-Peptide/Au-ZIF-8/CMS/ITO. (B) PEC response of different electrodes in the detection buffer. (a) ITO, (b) CMS/ITO, (c¢) Au-ZIF-8/CMS/ITO, (d) Peptide/Au-
ZIF-8/CMS/ITO, (e) P-Peptide/Au-ZIF-8/CMS/ITO, (f) TiO,-g-C3N4/P-Peptide/Au-ZIF-8/CMS/ITO, and (g) Peptide/Au-ZIF-8/CMS/ITO incubated with TiO»-g-C3N4.
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Fig. 3. (A) The PEC response of the biosensor with different PKA concentrations. a—j, 0.05, 0.1, 0.5, 1, 5, 10, 30, 50 U mL ™ 1. (B) Plot for the relationship between the
photocurrent and PKA concentration from 0.05 to 50 U mL ™', Insert, the linear relationship between the photocurrent and the logarithm of PKA concentration from
0.05 to 50 UmL ™~ . (C) The photocurrent change after the biosensor was fabricated with different kinases (50 U mL™Y). (D) The photocurrent for ten biosensors

fabricated independently. The PKA concentration was 50 U mL ™.

concentrations. On increasing PKA concentration from 0.05 to 50 U
mL ™!, the photocurrent increased reaching a saturation value around
50 U mL™! (Fig. 3A). A good linear relationship was established be-
tween the photocurrent and PKA concentration from 0.05 to 50 U mL ™!
(Fig. 3B), as described by the linear regression equation I (nA)
= 133.95logc + 256.204 (R? = 0.992). The detection limit was 0.02 U
mL~! (S/N = 3). With regard to detection sensitivity, the developed
PKA detection method was superior to most previously reported PKA
sensors (see Table 1), indicating that the developed methods might be a
viable detection platform for PKA.

The selectivity and reproducibility of a biosensor are essential cri-
teria for potential application. To assess the specificity of the PEC
method, three protein kinases were used as potential interferants, with
all other biosensor fabrication processes the same as described in
Section 2.5. The photocurrent change (Al = I;-I,) was compared, where
I is the photocurrent of the biosensor fabricated with different protein
kinases (concentration 50 U mL ™) and I is the photocurrent of pep-
tide/Au-ZIF-8/CMS/ITO. As can be from Fig. 3C, the AI for PKA was
much higher than those obtained using the other protein kinases, in-
dicating that this PEC biosensor has excellent detection specificity for
PKA. To investigate reproducibility of this method, ten PEC biosensors
were fabricated independently via the same stepwise process. The re-
lative standard deviation (RSD) in the photocurrent was only 2.03%
(Fig. 3D), implying very good detection reproducibility. In addition, the
reproducibility for the slope of the calibration curve was also in-
vestigated. For five calibration curves, the RSD for these five slopes is
6.58%, indicating acceptable reproducibility.

The stability of the developed method should also be clarified. To
investigate it, the fabricated biosensor was applied to detect 10 U mL ™!
PKA by weekly recording its photoelectrochemical response for two
weeks. The biosensor can remain 96.37% and 91.58% of its original

Table 1
Comparison of PKA detection performance of various methods.

Methods Kinase Linear range (U mL™Y) LOD(UmL™!) Refs.
Photoluminescent ~ CK2 0.1-1 0.03 [37]
Electrochemistry =~ EGFR  2-100 1 [38]
Electrochemistry PKA 0.05-100 0.014 [12]
Electrochemistry ~ PKA 0.005-50 0.002 [11]
Electrochemistry CK2 0.1-10 0.047 [39]
Electrochemistry PKA 0.1-1 0.09 [40]
Colorimetry PKA 0.1-0.5 0.0375 [8]
Fluorescence PKA 0-400 0.47 [41]
Fluorescence PKA 0-1000 0.5 [42]
Fluorescence PKA 0-800 0.5 [43]
Fluorescence PKA 1-2000 0.5 [44]
QCM PKA 0.64-22.33 0.061 [45]
ECL PKA 5-500 0.5 [46]
ECL PKA 0.07-32 0.07 [47]
PEC method PKA 0.005-0.0625 0.0049 [15]
PEC method PKA 0.05-100 0.048 [32]
PEC method PKA 0.05-50 0.077 [16]
PEC method PKA 0.05-100 0.017 [48]
PEC method PKA 0.05-100 0.015 [49]
PEC method PKA 0.05-50 0.02 This work

response after on e and two weeks, respectively. This results indicate
the acceptable stability.

3.5. Inhibition assay

To verify the applicability of this test method, the effect of ellagic
acid concentration on PKA activity was investigated. Fig. 4A shows that
the photocurrent decreased with increasing ellagic acid concentration,
indicating that ellagic acid can effectively inhibit the catalytic activity
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Fig. 4. (A) PEC response of the biosensor with different concentrations of ellagic acid. a—j 0, 2, 4, 6, 8, 10, 12, 14, 16, and 18 uM. The PKA concentration was 50 U
mL~". (B) Plot showing the relationship between the ellagic acid concentration and the inhibition percentage.

Table 2
Assay of PKA activity on HepG-2 cell lysate.
Sample  Added (UmL™!)  Founded (UmL™')  Recovery (%)  RSD (%)
1 0 - - -
2 5 5.28 105.6 8.47
3 10 9.35 93.5 6.14
4 20 21.58 107.9 3.25

of PKA. The inhibition percentage increased with ellagic acid con-
centration in the range 0-12uM, and then leveled off at higher con-
centrations due to saturation inhibition (Fig. 4B). The ICsq value (the
half-maximum inhibitory concentration) was 5.2 uM, which was com-
parable with values found in previous work [16,46,50]. The data in-
dicates that this detection platform can be used to screen protein kinase
inhibitors, thereby suggesting great potential for kinase-targeted drug
discovery.

3.6. PKA detection in cell lysate

To further investigate the applicability of the developed method for
PKA detection in real sample, PKA activity in HepG-2 cell lysate was
analyzed with standard addition method. As listed in Table 2, no PKA
activity was detected in blank cell lysate, which might be caused by that
there is no PKA in cell lysate or PKA activity in cell lysate is low then
the detection limit of our work. For detecting the added PKA, the results
show that the recoveries is ranged from 93.5% to 107.9% and the RSD
is ranged from 3.25% to 8.47%, which implies satisfactory applicability
of the developed method for PKA detection in cell lysate.

4. Conclusion

In conclusion, a sensitive PEC biosnesor was constructured for PKA
detection and inhibitor screening. The sensitivity originated from the
successful integration of CMS which increased the electrode surface
area, Au-ZIF-8 which provided the immobilization site for the substrate
peptide, and the TiO,-g-C3N4 nanocomposite which greatly enhanced
the PEC response. The developed method offered a linear response over
a wide PKA concentration range and a low detection limit. Because this
method was based on the specific catalytic ability of PKA towards its
unique substrate peptide, the PEC biosensor showed very high detection
selectivity. Furthermore, the biosensor shows great potential in the
kinase inhibitor screening. Finally, by changing the substrate peptide, it
should be possible to extend this approach and develop PEC biosensors
for the detection and inhibition screening of other kinases.
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